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ABSTRACT
This paper evaluates the performance of space shift keying (SSK) free-space optical communication (FSO) over
moderate and strong turbulent channels. It has been shown previously that repetition codes (RCs) using intensity
modulation with direct detection techniques are superior to SSK system for a spectral efficiency of 1 bit/s/Hz.
It is shown in this study that SSK outperforms RCs using M -ary pulse amplitude modulation for spectral
efficiencies of 3 bits/s/Hz or larger. Analytical expressions for the bit error rate for the SSK system under study
are derived and extensive simulation results corroborate the correctness of the conducted analysis.
Keywords: Multiple-input multiple-output, free-space optical communications, space shift keying, repetition
codes, pulse amplitude modulation, negative-exponential channel, log-normal channel.
1. INTRODUCTION
Free-space optical (FSO) communication is used to connect buildings with high data rate, license-free and
without interference with radio frequency (RF). This link is an attractive alternative to expensive optical fiber
and congested RF spectrum.1 However, practical deployment of FSO faces major challenges that degrades
the performance significantly as fog, rain, atmospheric turbulence and pointing loss error.2,3 Atmospheric
turbulence causes fluctuation in the intensity of the signal which has severe degradation of the performance of
FSO links.4 Many statistical models have been proposed to describe the atmospheric turbulence which gives
good agreement between theoretical and experimental data including log-normal for weak-moderate,4 Gamma-
Gamma for moderate-strong3 and negative-exponential5,6 for strong saturated turbulence regimes. Forward
error correction and spatial diversity techniques are shown to decrease atmospheric turbulence effects on FSO
links.7,8
Multiple-input multiple-output (MIMO) is an effective technique to mitigate the effect of atmospheric turbu-
lence. MIMO system using spatial modulation (SM) for indoor optical wireless communication has been proposed
in Ref. 9. SM divides the input data into two groups. The first group chooses an active antenna and the second
group is modulated according to certain constellation diagram. The latter is transmitted via the active antenna
chosen by the former.10 SM outperforms its counterpart repetition codes (RC) system with M -level pulse ampli-
tude modulation (M−PAM) for spectral efficiencies larger than 4 bits/s/Hz and for line-of-sight (LOS) indoor
optical wireless communication system.11 Spatial pulse position amplitude modulation (SPPAM) is proposed in
Ref. 12 for FSO links, where it is shown that SPPAM outperforms space shift keying (SSK) over weak to strong
atmospheric turbulence channels for spectral efficiencies of 2 bits/s/Hz or less. SSK is a special case of SM
where no data symbol is transmitted and the transmitted information is conveyed only through the index of the
active transmitter. In a recent study, it is shown that RC outperforms many space-time coding techniques for
FSO links as SSK, spatial multiplexing (SMux) and orthogonal space-time block codes (OSTBCs) over strong
turbulence channels and for spectral efficiency of 1 bit/s/Hz.13
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In this paper, the performance of SSK system for different spectral efficiencies and for moderate and strong
turbulence channels is analyzed and compared to RC M−PAM system for equivalent spectral efficiencies. A
novel tight bound bit error rate (BER) expressions for SSK are derived over negative-exponential and log-normal
channels and verified via Monte Carlo simulations.
The remainder of this paper is organized as follows: FSO spatial diversity model is presented in Section
2. In Section 3, performance analysis are discussed. In Section 4, the average BER probability of SSK over
turbulent channels are derived. Numerical results and discussions are given in Section 5. Finally, conclusions






























Figure 1. Synoptic diagram of the proposed model.
The considered system model of the proposed SSK scheme is depicted in Figure 1. The log2(Nt) input
bits modulated one of the existing Nt transmitters and only that transmitter is active at this time instant. The
transmitted signal propagates through the atmospheric turbulence channel and an Additive White Gaussian Noise
(AWGN) is accumulative at the receiver side assuming background noise limited receivers.14 The transmitted
signal is received by Nr receivers.
The received signal for the jth branch is given by
rj = η hjk + nj
{
j = 1, · · · , Nr
k = 2p; 1 ≤ p ≤ log2(Nt)
(1)
where η is the optical to electrical conversion coefficient, hjk ≥ 0 is the channel irradiance between transmitter
k and receiver j, nj is the AWGN at the receiver input, with zero mean and variance σ
2
n = No/2 with No being
the noise power spectral density.
In RC M−PAM system, the same signal is transmitted simultaneously from Nt transmitters with spectral
efficiency log2(M) bits/s/Hz. The transmitted intensity levels are different for different symbols according to
(IPAMi =
I
M−1 (i− 1), i = 1, 2, · · · ,M.), where I denotes the average light intensity.11
At the receiver, channel state information (CSI) is assumed available and maximum likelihood (ML) decoder




where r ∈ CNr×1 is the received signal vector, H ∈ CNr×Nt is the channel irradiance matrix and ‖.‖F is the
Frobenius norm.
For moderate turbulence, the channel coefficient hjk can be modeled as an independent and identically
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where hjk = exp (2Xjk) is the channel irradiance from transmitter k to the receiver j with Xjk being modeled
as i.i.d. Gaussian RVs with mean µx and variance σ
2
x. To ensure that the fading channel does not attenuate or
amplify the average power, the fading coefficients are normalized as E[hjk] = e
2(µx+σ
2
x) = 1 (i.e., µx = −σ2x).
However and in strong turbulence condition, the channel coefficient hjk can be modeled as i.i.d. negative-
exponential RVs with pdf given by7
fhjk(hjk) = exp(−hjk). (4)
3. PERFORMANCE ANALYSIS















| hjk − hˆji |2
 , (5)








dx is the Gaussian-Q function, with γ¯ = (ηI)2/No being the average signal-to-
noise (SNR).15 The Hamming distance dH(bk, bi) counts the number of bit errors between received symbol, bi,
and transmitted symbol, bk.
9 Besides, the 1/Nr term is added to make the total area of the receivers as same as
the single-input single-output (SISO) receiver aperture15 and hˆji is the channel irradiance between the receiver
j and the estimated active transmitter i.

















The term 1/Nt is added to ensure that the total power for Nt transmitters is the same as the active transmitter
of SSK system15 and the term
√
Nr is due to the use of MRC where the noise variance in each aperture is equal
to No/2Nr.
15
4. AVERAGE BER PROBABILITY OF SSK OVER TURBULENT CHANNELS
4.1 Negative-Exponential Channels
If X and Y are two independent RVs and U = X − Y , the pdf of U is equal to the cross correlation between the




fX(u+ y)fY (y)dy. (7)
Let X ≥ 0 and Y ≥ 0 be an i.i.d. negative-exponential RVs, then it can be shown through [18, Eq. (3.310)]
that fU (u) = exp(−|u|)/2. If Z = |U | =| hjk − hˆji | then fZ(z) = fU (z) + fU (−z) = exp(−z). The pdf of the













, γ > 0. (8)
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, s > 0. (10)




exp(−t2) dt is the complementary error function. Since the RVs are i.i.d., the MGF
of their difference becomes independent of the transmitter indices (i and k). Therefore, the Q function can be













with the use of Q(x) ≈ 112e−
x2
2 + 14e























The upper bound of the average BER (ABER) probability of SSK over negative-exponential channels can be
obtained as, ABERUSSK =
∫∞
0
· · · ∫∞
0
BERUSSKfγ(γ)dγ, where γ = γ1 · · · γNr and since the RVs are i.i.d., the total
MGF, ΨT (−s) =
∏Nr





















where ξ is added as a correction factor to improve the derived upper bound. It is observed by extensive simulations
that ξ = 0.8 for Nr > 2.
4.2 Log-Normal Channels
If X and Y are i.i.d. log-normal RVs, there exist no closed-form expression for the pdf of Z = |X − Y |, fZ(z).
Hence, obtaining the ABER of SSK system over log-normal channel is analytically not possible. However, we
assumed that fZ(z) for moderate turbulence is approximately modeled as Gamma-Gamma distribution. Gamma-
Gamma channel represents the effective number of small-scale and large-scale eddies with α and β, respectively.3
In our study, numerical evaluations are used to obtain accurate estimates of α and β. The average lower
bound BER probability of SSK over log-normal channels is shown to be equivalent to (13). The MGF of
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where Γ(w) is the gamma function defined as Γ =
∫∞
0
tw−1 exp(−t)dt and dp(a, b) is given as
dp(a, b) =
pi(ba)a+p
2 sin[pi(b− a)]p!Γ(b)Γ(a)Γ(a− b+ p+ 1) . (15)
5. NUMERICAL RESULTS AND DISCUSSIONS
In the analysis, the ABER performance of SSK and RC M−PAM are compared with respect to the SNR.
Different scenarios over negative-exponential and log-normal channels are employed while maintaining similar
spectral efficiencies for the compared systems in each scenario.
An 8 × 6 MIMO setup is considered in Figure 2 to achieve a spectral efficiency of 3 bits/s/Hz. Analytical
results are depicted in the figure and compared to simulation results. Both results demonstrate close-match for
wide and pragmatic SNR values which corroborate the correctness of the conducted analysis in Section 4. It
is shown that SSK outperforms RC system for SNR < 27 dB. While, RC system shows better performance at
higher SNR due to the high diversity gain.












Lower Bound RC 8−PAM (6)
Upper Bound SSK (5)
Derived Upper Bound SSK (13)
Simulations
Figure 2. Comparison of space shift keying and repetition codes with spectral efficiency = 3 bits/s/Hz in a negative-
exponential channel with Nt = 8 and Nr = 6.
In Figure 3, the number of receivers is increased to 12, which leads to superior impact on the ABER per-
formance of SSK system as compared to RC 8-PAM systems. The required SNR to achieve ABER of 10−6
decreased by 5.3 dB and 1 dB for SSK and RC 8-PAM, respectively.
Increasing the spectral efficiency to 4 bits/s/Hz is demonstrated in Figure 4 by considering a 16 × 14 MIMO
setup. SSK system shows superior performance as compared to RC and a gain of about 3 dB is reported at
ABER of 10−9.
Finally, in Figure 5, a log-normal channel with σx = 0.37 is employed as an example of a moderate turbulence.
The absolute difference of the two log-normal RVs is approximated by Gamma-Gamma RVs with α = 3.3 and
β = 1.1. This approximation leads to a small gap between the upper bound (5) and the derived lower bound of
SSK unlike Figures 2-4, which are based on exact MGF of the absolute difference of negative-exponential RVs.
Obtained results show 1.2 dB SNR gain of SSK modulation with respect to RC 16-PAM at ABER of 10−9. SSK
system is shown to perform better in strong turbulent channel, as in Figure 4, compared to moderate channels in
Figure 5. This is mainly because the ABER of SSK system is not determined by the actual channel realizations,
rather by the differences among different channels associated with different transmitters.
In summary, it is shown that SSK system has good performance for large number of transmitters which
might not be feasible in all applications. However, SSK system uses only one transmit unit at each particular
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Lower Bound RC 8−PAM (6)
Upper Bound SSK (5)
Derived Upper Bound SSK (13)
Simulations
Figure 3. Comparison of space shift keying and repetition codes with spectral efficiency = 3 bits/s/Hz in a negative-
exponential channel with Nt = 8 and Nr = 12.















Lower Bound RC 16−PAM (6)
Upper Bound SSK (5)
Derived Upper Bound SSK (13)
Simulations
Figure 4. Comparison of space shift keying and repetition codes with spectral efficiency = 4 bits/s/Hz in a negative-
exponential channel with Nt = 16 and Nr = 14.
time instant and all others are off for that time. Hence, single-stream transmitter processing requirements are
needed and the active transmit unit among the spatially separated units is selected each time instant based
on the incoming bits sequence. As such, transmitter synchronization requirement is elevated and complexity is
significantly reduced, which enables the use of large number of transmit units.
6. CONCLUSIONS
In this paper, SSK technique is investigated for MIMO FSO communication systems over moderate-strong
atmospheric turbulence channels. Novel results show that SSK performs better than RC M -PAM for spectral
efficiencies of 3 bits/s/Hz or larger over negative-exponential and log-normal channels. Moreover, increasing the
number of receivers is shown to have superior impact on the ABER performance of SSK system as compared to
RC M -PAM systems. It was also shown that SSK performs better in strong turbulence than weak turbulence.
This is mainly because the ABER of SSK system is determined by the Euclidean distance among different channel
paths rather than the actual channel realizations themselves.
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Lower Bound RC 16−PAM (6)
Upper Bound SSK (5)
Derived Lower Bound SSK
Simulations
Figure 5. Comparison of space shift keying and repetition codes with spectral efficiency = 4 bits/s/Hz in a log-normal
channel with σx = 0.37, Nt = 16 and Nr = 14.
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